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Dotl/DOTIL catalyzes the methylation of histone H3 
lysine 79 (H3K79), which regulates diverse cellular processes, 
such as development, reprogramming, differentiation, and 
proliferation. In regards to these processes, studies of Dotl/ 
DOT1 L-dependent H3K79 methylation have mainly focused on 
the transcriptional regulation of specific genes. Although the 
gene transcription mediated by Dotl/DOTIL during the cell 
cycle is not fully understood, H3K79 methylation plays a critical 
role in the progression of phase, S phase, mitosis, and meio- 
sis. This modification may contribute to the chromatin struc- 
ture that controls gene expression, replication initiation, DNA 
damage response, microtubule reorganization, chromosome 
segregation, and heterochromatin formation. Overall, Dotl/ 
DOT1L is required to maintain genomic and chromosomal sta- 
bility. This review summarizes the several functions of Dotl/ 
DOT1L and highlights its role in cell cycle regulation. 



Introduction 

Histones undergo post-translational covalent modifica- 
tions, including acetylation, phosphorylation, ubiquitination, 
sumoylation, and methylation. 1 Multiple modifications on the 
same or different residues and crosstalk between modifications 
orchestrate the regulation of chromatin structure, which affects 
cellular processes involving DNA, such as replication, recom- 
bination, transcription, repair, and chromosome segregation. 2 
Therefore, the tight regulation of histone modifications is criti- 
cally involved in development, differentiation, proliferation, and 
disease. 3 

Among histone modifications, histone methylation occurs 
at 3 basic residues, including lysine (K), arginine (R), and his- 
tidine (H), although histidine methylation is rarely observed. 4 
Histone methylation occurs using S-adenosylmethionine 
(SAM or AdoMet) as a methyl group donor. 5 Histone lysine is 
mono-, di-, or tri-methylated, whereas arginine is mono- or di- 
methylated. 6 The enzymes that catalyze histone methylation 
are categorized into 3 families: the PRMT (protein arginine 
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N-methyltransferase) family, the SET (Su[var]3— 9, Enhancer of 
Zeste, Trithorax) -domain-containing family, and the non-SET 
domain proteins. 4 In particular, lysine methylation at H3K4, 
H3K9, H3K27, H3K36, and H4K20 is mediated by lysine meth- 
yltransferases (KMTs) that contain a SET domain. 7 By contrast, 
H3K79 is methylated by a methyltransferase that lacks a SET 
domain. 8 H3K79 methylation is also unique in that the residue 
is not located in the histone tail, but in a globular domain of his- 
tone H3 that is exposed on the nucleosomal surface. 9 The H3K79 
methyltransferase regulates diverse cellular processes (Fig. 1). 
This review summarizes the features and functions of the H3K79 
methyltransferase in the cell cycle. 

Dotl/DOTIL-Mediated H3K79 Methylation 

The lysine methyltransferase responsible for H3K79 methyla- 
tion (KMT4) is called Dotl (disruptor of telomeric silencing 1) 
in lower eukaryotes. 10 " 13 The homologous protein conserved in 
mammals is called Dotl-like protein (DOT1L). 1415 Dotl/DOTIL 
is believed to be the sole enzyme mediating non-processive meth- 
ylation of H3K79 in Saccharomyces cerevisiae, Drosophila mela- 
nogaster, and humans (Fig. 2). 12 " 14 However, Trypanosoma brucei 
possesses 2 homologous DOTl proteins, DOT1A and DOT1B, 
that are responsible for mono- and di-methylation (DOT1A) and 
tri-methylation (DOT1B) of H3K76 (the residue homologous to 
H3K79 in other organisms). 11 DOT1B can trimethylate H3K76 
without the prerequisite of dimethylation by DOT1A. 16 In 
Caenorhabditis elegans, 5 putative methyltransferases (DOT-1.1- 
DOT1— 1.5) have been identified. 10 In mice, 5 splicing variants 
of DOT1L (Dotla-Dotle) have been predicted; 15 however, it is 
not known whether the variants have different effects on H3K79 
methylation. By contrast, H3K79 methylation has not been 
found in Schizosaccharomyces pombe or Arabidopsis thaliana} 7,w 

Dotl/DOTIL catalyzes the sequential mono-, di-, and tri- 
methylation of H3K79, while other SET domain-containing 
methyltransferases mediate methylation in a processive manner. 19 
This methylation occurs only in the nucleosomal histone H3, 
not in free/soluble histone H3, indicating that Dotl/DOTIL 
methylates K79 when histone H3 is incorporated into chroma- 
t j n 11,13,20-22 Q ne exception is that S. cerevisiae Dotl (Dotlp), 
which it is preincubated with DNA, methylates recombinant 
H3. 22 It has recently been reported that besides H3K79, the K349 
residue of the androgen receptor is a novel substrate of human 
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Figure 1. The functions of Dot1/DOT1 Independent H3K79 methylation 
organisms. 



DOT1L methyltransferase. 23 The identification of non-histone 
substrates of the DOT1L enzyme would help in understanding 
DOTlL-mediated cellular functions. 

Factors Affecting Dotl/DOTIL Expression and 
H3K79 Methylation 

The level of DOT1L mRNA declines during early preimplan- 
tation development in mice; 24 however, DOT1L mRNA is ubiq- 
uitously expressed in mouse organs. 15 Expression of DOT1L gene 
is regulated in response to certain signals. The level of DOT1L 
mRNA in immortalized mouse inner medullary collecting duct 
cells increases upon exposure to dimethyl sulfoxide; however, the 
mechanism by which transcription factors upregulate the tran- 
scription of mouse DOT1L is unknown. 15 The level of DOT1L 
mRNA decreases in an aldosterone-sensitive manner in mouse 
renal collecting duct cells. 25 During metamorphosis in Xenopus 
tropicalis, DOT1L is transcriptionally activated through a T3 
response element (TRE) bound to the liganded thyroid receptor. 26 
In addition, the expression of DOT1 gene in S. cerevisiae peaks at 
Gj, suggesting that Dotl is involved in cell cycle regulation. 27 

Furthermore, the levels of mono-, di-, and tri-methylated 
H3K79 (H3K79mel, H3K79me2, and H3K79me3) are dynami- 
cally dependent on the chromatin region, the cell cycle phase, and 
developmental stage as described in this review. This dynamic 
level may be regulated by the following mechanisms. 

Histone crosstalk affects the level of H3K79 methylation. 
Dotl/DOTlL-mediated H3K79 di- and tri-methylation depend 
on the monoubiquitination of H2B K120 (mammai)/K123 
(yeast) and H2B K34. 28-33 The interaction between the ubiqui- 
tin of H2B and the lysine-rich region (amino acids 101—140) 
of S. cerevisiae Dotl is required for H3K79 di- and tri-methyl- 
ation. 34,35 A putative consensus sequence for the ubiquitin-inter- 
acting motif (UIM; amino acids 361-380) of human DOT1L 
has recently been suggested. 36 In an alternative mechanism for 
ubiquitination-dependent H3K79 trimethylation, COMPASS 
complex or proteasomal ATPases Rpt4 and Rpt6 connect ubiq- 
uitinated H2B and H3K79. 37,38 For transcriptional elongation, 
the Pafl complex, which is associated with elongating RNA 
polymerase II, is required for H2B K123 monoubiquitina- 
tion, which results in H3K79 methylation. 35 Some components 
of the Pafl complex, such as Rtfl and Pafl, also interact with 
COMPASS and Dotl. 39 ' 40 In addition, human DOT1L interacts 



with phosphorylated RNA polymerase II, possibly leading 
to H3K79 methylation around transcriptional elongation 
regions. 41 Overall, the transcriptional elongation complex 
enhances Dotl /DOT lL-mediated H3K79 di- and tri- 
methylation. The other possible explanation is that ubiq- 
uitinated H2B promotes an open chromatin structure to 
increase substrate accessibility. 42 Meanwhile, the ubiquiti- 
nation of H2A K119 does not affect DOT1L activity in 
vitro. 32 Another histone crosstalk mechanism affecting 
the level of H3K79mel, H3K79me2, and H3K79me3 in 
S. cerevisiae is the interaction between the N-terminal short 
basic patch of histone H4 and the acidic patch of Dotl. 21,43 
Sir3 and Dotl compete for binding to the short basic patch 
of histone H4. Kl6-acetylated histone H4 disrupts the binding 
of Sir3 to the H4 tail and instead stimulates Dotl-dependent 
H3K79 methylation. In addition, the local level of H3K79me2 is 
decreased by overexpression of the H4K16 deacetylase SIRTl in 
human cells, suggesting that the silencing protein and DOT1L 
compete for binding to histone H4. 44 By contrast, the N-terminal 
tail of histone H4 is not required for di- or tri-methylation of 
H3K76 in T. brucei) 6 

Several genes are critical for maintaining H3K79 methylation 
levels. In S. cerevisiae, Swi4 (regulatory subunit) and Swi6 (DNA 
binding component), which are components of the transcrip- 
tion complex SCB-binding factors (SBF), are required to main- 
tain the level of H3K79me2, but not the level of H3K79me3. 45 
By contrast, Ardl (N-terminal acetyltransferase A complex 
catalytic subunit) is required to maintain the levels of H2B- 
monoubiquitination and H3K79me3, not H3K79me2. 46 

Based on the results of mass spectrometry, the nonmethyl- 
ated form of H3K79 is more abundant than the methylated form. 
H3K79mel is detected at a higher rate than H3K79me2, whereas 
H3K79me3 is rarely detected in mice and humans. 47 " 49 Because 
no specific demethylase has been identified, the mechanism 
governing the direct conversion of methylated H3K79 to one- 
fewer-methylated H3K79 has not been proposed. Instead, the 
multiple forms of H3K79 methylation suggest several regulatory 
mechanisms as follows. First, Dotl catalyzes the transition from 
mono- to di- and from di- to tri-methylation, which requires 
Brel-dependent H2B K123 ubiquitination. 50 " 52 Second, the 
level of H3K79mel decreases concurrently with the increase in 
H3K79me2 during gene expression, indicating that this modifi- 
cation contributes to active transcription. 53 Consistent with this, 
H3K79me2 is decreased during heterochromatin formation. 54 
However, the methylation levels do not correlate with the expres- 
sion levels, possibly because histone replacement occurs during 
transcription on a highly transcribed region. 55 In this regard, the 
accumulation of H3K79me3 at centromeric regions could be due 
to the slow histone replacement in heterochromatic regions. 56,57 
Third, H3K79 methylation occurs on histones newly incorpo- 
rated into nucleosomes as well as on pre-existing histones. 49 ' 52 
H3K79 methylation is affected by the histone dilution that 
occurs during cell division. In other words, replication-dependent 
histone exchange explains the removal of H3K79 methylation. 54 
However, following fertilization, loss of H3K79 methylation 
occurs independently of DNA synthesis. 57 Lastly, because 90% 
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Figure 2. The structure of Dot1/DOT1L proteins in several organisms. The catalytic domain of Dot1/DOT1L is conserved among species. Binding motifs 
with diverse interacting proteins are shown. 



of H3K79 is methylated in budding yeast, 13 it has been suggested 
that demethylase activity is masked by efficient methylation 
in this organism. 54 ' 58 The identification of the demethylase to 
remove H3K79 methylation requires further investigation. 

H3K79-Methylated Regions in Chromatin 

H3K79me3 is detected in open reading frames (ORFs) and 
H3K79me2 is enriched in intergenic regions, including pro- 
moters as well as ORFs in budding yeast. 45 Because most of 
genome in the budding yeast is characterized as euchromatin, 
90% of the budding yeast genome is methylated at H3K79; 
however, H3K79me2 and H3K79me3 overlap in only 2% of the 
genome. 13,45 Except for budding yeast, while H3K79 is hypo- 
methylated in silenced loci such as telomeres, H3K79me2 and 
H3K79me3 are more abundant in actively transcribed regions 
in D. melanogaster, mice, and humans. 53,59 " 63 Consistent with this 
notion, methylated H3K79 is higher in the H3.3 variant, which 
is deposited in the euchromatic region, than in canonical H3, 
such as H3.1 and H3.2. 49,59 By contrast, although H3K79me3 



is associated with transcriptional activation, the high levels of 
H3K79me3 in the promoter and coding regions of marginally 
expressed or silent genes are also detected in human T cells. 60 The 
plausible cause is a slow histone exchange as described above. In 
addition, although the relationship between H3K76 methylation 
and transcription in T. brucei has not been studied, H3K76mel 
and H3K76me2 have been detected at certain transcription 
start sites and termination sites. 61 Overall, the data indicate that 
H3K79 methylation is associated with transcriptional activation 
and is a critical transcriptional regulator. 

In contrast to the role of Dotl/DOTIL in transcriptional acti- 
vation, S. cerevisiae DOT1 and the Drosophila ortholog grappa 
are genes whose mutation, deletion, or overexpression disrupts 
silencing at telomeric regions, mating type loci, or rDNA. 9,12 ' 62 
Although H3K79 is hypomethylated in silenced loci, Dotl- 
dependent transcriptional silencing at telomeres is regulated 
through blocking access of silencing factors such as Sir2 and 
Sir3 to H3K79-methylated subtelomeric regions. 9,13,46 In addi- 
tion, DOTlL-deleted mouse ES cells show a defect in H3K9me2 
and H4K20me3 heterochromatin marks at telomeres and 
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centromeres. 48 Overall, H3K79 methylation may be important for 
transcriptional silencing in heterochromatic regions. However, in 
contrast to previous findings, a recent study showed that Dotl is 
not required for transcriptional activation at euchromatic regions, 
but is required for the local derepression of heterochromatin in 
a K79 methylation-dependent or independent manner. 65 This 
result suggests that the Dotl-dependent transcriptional silencing 
needs to be determined in a specific chromatic region. 

DOTlL-mediated methylated H3K79 is localized to the 
heterochromatic region in mouse and human cells. While 
H3K79me2 is detected in the entire genome, H3K79me3 is 
enriched in the highly condensed DNA adjacent to regions 
stained with the anti-centromere/kinetochore antibody CREST 
and co-localizes with HP1(3 in mouse somatic cells and oocytes. 57 
This indicates that H3K79 is tri-methylated on pericentromeric 
heterochromatin in the mouse. The localization of methylated 
H3K79 in heterochromatic regions in oocytes also implicates the 
role of DOT1L in the organization of heterochromatin during 
mouse preimplantation development. 24 In addition; the centro- 
meric localization of H3K79 methylation has been suggested in 
human HeLa cells. Survival motor neuron (SMN) containing 
a Tudor domain relocates to damaged interphase centromeres 
upon transfection of the viral E3 ubiquitin ligase ICPO from 
herpes simplex virus type 1 and interacts with H3K79mel and 
H3K79me2, but not H3K79me3. 66 However, without DOT1L, 
SMN is not recruited to the damaged centromeres, demonstrat- 
ing that SMN might recognize H3K79mel and H3K79me2 in 
the lesion. These findings indicate that methylated H3K79 might 
be enriched at centromeres in human cells and be involved in 
the interphase centromere damage response. Therefore, H3K79 
methylation may be an epigenetic modification marking the cen- 
tromeric and/or pericentromeric region. 

Regulation of the Cell Cycle by Dotl/DOTIL- 
Mediated H3K79 Methylation 

The cell cycle is a unidirectional and irreversible process for 
ensuring proper cell division. This transitional process from one 
cell cycle phase to the next is tightly controlled by several factors, 
including cyclin/cyclin-dependent kinase (CDK) complexes and 
CDK inhibitors. 67,68 Beyond these well-known cell cycle regula- 
tors, diverse histone modifications are emerging as critical factors 
for cell cycle progression. Histone modifications dynamically 
change during the cell cycle and govern cell cycle progression, 
including replication timing and mitosis/meiosis. 65 " 71 In addition, 
some modifications transcriptionally regulate the expression of 
cell cycle regulators such as CDK inhibitors. 72,73 Therefore, as 
described below, the relevance of Dotl/DOTlL methyltransfer- 
ase to the cell cycle sheds light on the importance of H3K79 
methylation as a critical epigenetic mark for coordination of the 
cell cycle. 

Level of H3K79 Methylation During the Cell Cycle 

The level of H3K79 methylation is dynamically regulated 
during the cell cycle (Fig. 3). The level of H3K79me2 is low in 



Gj phase, begins to increase in S phase, and peaks at the G 2 /M 
phase, while the level of H3K79me3 remains constant during 
the cell cycle in S. cerevisiae. 45,74 However, in slowly growing, 
Gj- or G 2 /M-arrested budding yeast cells, H3K79me3 is more 
abundant than H3K79me2. 52 Similarly, in T. brucei, the level 
of H3K76me3 does not change during the cell cycle; however, 
H3K76me2 is only detected in mitosis, not in Gj or G 2 phase, 
and H3K76mel is only detected in G 2 and mitosis. 11 ' 61 During 
mouse preimplantation development, the level of H3K79me2 is 
higher in M phase than in interphase before the blastocyst stage; 
however, H3K79me3 is not detected in interphase or M phase. 57 
By contrast, in human A549 lung cancer and HeLa cervical can- 
cer cells, the level of H3K79me2 is highest at the Gj/S transition, 
begins to decrease in S phase, and is lowest in G 2 /M phase. 14,75 
In addition, while the level of H3K79me3 remains constant in S. 
cerevisiae and T. brucei during the cell cycle, H3K79me3 is regu- 
lated similarly to H3K79me2 in human A549 cancer cells; 75 how- 
ever, another study showed that the overall level of H3K79me2 
does not change during the cell cycle in human K562 leukemia 
cells. 76 Although cell cycle-dependent regulation of H3K79 
methylation is not conserved across species, this dynamic change 
implicates the role of H3K79 methylation in cell cycle regulation 
(Fig. 4). 

Role of H3K79 Methylation in the G/S Transition 

Budding yeast Dotl deletion mutants, DOT1L siRNA-trans- 
fected human lung cancer cells, DOTlL-knockout mouse yolk 
sac-derived erythroid progenitors, and DOTlL-knockout cells 
transformed with MLL (mixed lineage leukemia) -fusion proteins 
undergo G t cell cycle arrest. 45,75,77 " 79 These results suggest that 
Dotl/DOTlL-mediated methylation is required for the GJS 
transition; however, the level of methylated H3K79 at the GJS 
boundary differs across species. As described in the above section, 
during the GJS transition, global levels of H3K79me2 are low 
in S. cerevisiae and T. brucei but high in human cancer cell lines 
including HeLa and A5 49. 11, 14,45,74,75 Although the reason for this 
difference is unclear, a possible mechanism for Dotl/DOTlL 
depletion-mediated Gj arrest is as follows. 

In S. cerevisiae, the MBF (MCB binding factor) and SBF 
(SCB binding factor) complex bind to the Mlul-cell cycle box 
(MCB) promoter and Swi4/6-dependent cell cycle box (SCB) 
promoter, respectively, and activate gene transcription during the 
Gj/S transition. The promoter of the budding yeast DOT1 gene 
includes an MCB element, suggesting that DOT1 expression is 
cell cycle-regulated. 80 Indeed, microarray analysis reveals that the 
level of DOT1 expression peaks at Gj phase. 27 In contrast to the 
upregulation of DOT1 gene in G,, global level of H3K79me2 
begins to increase in S phase. However, the promoters of SBF- 
regulated genes such as cyclins in Gj and S phases are enriched 
with H3K79me2 during M phase. 45 H3K79me2 is then down- 
regulated by Nrml and Whi3, which are negative regulators 
of the MBF and SBF complexes, for entry into S phase. These 
facts suggest that the decoration of H3K79me2 at SBF-regulated 
genes acts as an epigenetic memory for the regulation of cell 
cycle-regulatory gene expression. In addition, slowly growing or 
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Gj-arrested cells in budding yeast have more H3K79me3 and less 
H3K79me2 than proliferating log-phase cells, because H3K79 
methylation accumulates on aging histones. 52 Pre-existing his- 
tories also undergo mono- and di-methylation. 49 This accumula- 
tion of H3K79 methylation could be an indicator of the period 
of the cell cycle before the new histones are deposited during rep- 
lication in S phase. However, although H3K79me2 is associated 
with the control of cell cycle-regulatory genes, and H3K79me3 
is associated with a slow proliferation rate, the direct evidence for 
Dotl-dependent cell cycle regulation has not been forthcoming 
in budding yeast. A more detailed investigation of the mecha- 
nisms is required. 

In mammals, DOTlL-dependent methylation is suggested as 
a critical factor to regulate cell cycle progression at the G^S tran- 
sition. Aged rat lung tissues have lower levels of H3K79me3 than 
young rat lung tissues; therefore, hypomethylated H3K79 may 
be a histone mark that is associated with senescence, an irrevers- 
ible cell cycle arrest at G 0 /G 1 phase. 75 However, in contrast to the 
H3K79 hypomethylation in aged rat lung tissues, H3K79mel 
and H3K79me2 are upregulated in the brain of senescence-accel- 
erated-prone mouse (SAMP). 81 One possible explanation is that 
the effect of H3K79 methylation on senescence differs depending 
on the organism. Alternatively, upregulation of H3K79 methyla- 
tion in SAMP may be a consequence of senescence model. 

In human NCI-H1299 and A549 lung cancer cells, DOT1L 
depletion leads to upregulation of CDK inhibitors such as pl8 INK4c 
and p21 CIP1/WAFI , respectively. 75 These CDK inhibitors inactivate 
CDK2, leading to an irreversible G l arrest called senescence. 
DOTlL-deficiency-induced senescence might be independent of 
DNA damage or telomere shortening. Rather, DOTlL-deficient 
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human cancer cells show low levels of histone H2AX phospho- 
S139 (7H2AX), a marker of DNA strand breaks, and DOT1L- 
knockout mouse embryonic stem (ES) cells exhibit aberrant 
telomere elongation. 48,75 In addition, loss of DOT1L also induces 
G l arrest of MLL-fusion protein-transformed mouse cells via 
the upregulation of pl6 INK4a . 77 Last, DOTlL-knockout yolk sacs 
grown in erythroid growth medium exhibit significant Gj arrest 
and apoptosis. 78 Overall, Dotl/DOTIL is an epigenetic regulator 
of Gj/S progression. This information suggests that downregula- 
tion of H3K79 methylation is a potential therapeutic approach in 
cancer treatment. 

Role of H3K79 Methylation During S Phase 

During S phase, the levels of H3K76mel and H3K76me2 are 
not detectable in T. brucei; however, the level of H3K79me2 is 
low in S. cerevisiae and relatively high in human cells. n ' 45 ' 61,74,75 
Because the levels of H3K79 methylation differ across species, 
the role of H3K79 methylation in the regulation of replication 
during S phase might be different among budding yeast, try- 
panosomes, and humans. 

In S. cerevisiae, the level of H3K79me2 starts to increase in 
S phase; 45,74 however, the regulatory role of Dotl in replication 
has not been fully defined. The CAF-1 (chromatin assembly 
factor 1) complex, which functions as a histone chaperone for 
H3— H4 dimers during DNA replication and DNA repair, is 
associated with K79 methylated-histone H3 in budding yeast. 74 
Although H3K79 methylation is not required for the interaction 
between CAF-1 and H3, the replication-dependent deposition 
of methylated histone H3 by CAF-1 during S phase might affect 
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Figure 3. The levels of H3K79 methylation during the mitotic cell cycle in several organisms. H3K79me1, H3K79me2, and H3K79me3 are shown as a 
green, blue, and red line, respectively. H3K76me1, H3K76me2, and H3K76me3 are also shown. 
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nucleosome formation during S phase. However, this suggestion 
is in contrast to other findings that Dotl-mediated methylation 
occurs in nucleosomes, not in free histone H3. 

In T. brucei, DOT1A deficiency induces the formation of 
hypoploidy and inhibits replication. 11,61 By contrast, DOT1A 
overexpression leads to the formation of aneuploid cells, such as 
enucleated cells or cells containing more than 4N DNA content. 61 
The formation of hyperploid cells is the result of continuous 
replication without chromosome segregation and karyokinesis. 
Indeed, DOT1A overexpression results in the early appearance of 
H3K76me2 in S phase, whereas wild-type cells show no appear- 
ance of H3K76me2. 61 Although the association of H3K76me2 
with replication initiation sites is not clear yet, the methylated 
loci during G 7 and M phase may license the replication origin 
to permit one round of replication during S phase. Overall, the 
programmed fluctuation of H3K76mel and H3K76me2 during 
the cell cycle is critical for maintaining proper replication and cell 
cycle progression in T. brucei. 

Meanwhile, DOT1L deficiency in HCT116 human cancer 
cells leads to the re-initiation of replication and results in apop- 
totic cells, hyperploid cells, or non-replicating S-phase cells. 76 
H3K79me2 is indeed enriched in the replication initiation sites 
of the human genome in G t and G, phase, and H3K79me2- 
associated chromatin regions expand during S phase. H3K79 
methylation prohibits re-replication, although it does not affect 



the rate of replication initiation and elongation. These data sug- 
gest that DOTlL-mediated H3K79 methylation is critical for 
replication timing and acts as a modification that marks the 
replicated chromatin, presumably by preventing premature ini- 
tiation of replication or re-replication in human cells. However, 
because the effect of H3K79 methylation in replication has only 
been studied in specific cancer cell line, it should be investigated 
in other human cell lines or normal cells. 

In summary, DOTl A overexpression in T. bruceileads to over- 
replication, but DOT1L deficiency in human cancer cells results 
in over-replication. Although H3K76 methylation in T. brucei 
and H3K79 methylation in human cancer cells show opposite 
effects on replication, these epigenetic marks are critical for the 
regulation of replication initiation. 

Role of H3K79 Methylation in Mitosis 

Dotl may play a role in mitotic exit in S. cerevisiae} 1 The 
Cdcl4 phosphatase is released from the nucleolus at the onset 
of anaphase and induces the subsequent inactivation of CDK, 
finally triggering mitotic exit. 83 Release of Cdcl4 from nucleo- 
lar sequestration is defective in budding yeast Dotl-deletion 
mutants. A possible mechanism is that Dotl-mediated H3K79 
methylation leads to a structural change in rDNA chromatin, 
which releases Cdcl4 from the nucleolus. According to the 
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Figure 4. The functions of H3K79 methylation during the mitotic cell cycle. Well-defined or expected functions are listed for each cell cycle phase. 
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previous report, overexpressed Dotl-GFP has been detected in 
the nucleolus in budding yeast. 80 In addition; affinity purifica- 
tion showed that the human DOTlL-associated complex con- 
tains nucleolar proteins, including nucleophosmin (NPM1) and 
nucleolar RNA helicase 2. 84 It would be interesting to investigate 
the role of Dotl/DOTlL in the nucleolus. 

In mouse fibroblasts, H3K79me3 is also localized at chromo- 
some boundaries during mitosis, suggesting that it is enriched 
in the pericentromeric region. 57 The specific localization of 
H3K79me3 during mitosis in mouse somatic cells indicates that 
this methylation specifically functions during the mitotic phase. 
By contrast, H3K79me2 and H3K79me3 are lower in mitosis 
than in interphase in human A549 cancer cells. 75 Because H3K79 
methylation is enriched in the euchromatic region, its low level 
during mitosis, when transcription is repressed, is expected. 53,85 
Although methylated H3K79 has been suggested to be distrib- 
uted around centromeres during interphase in human cells, 66 the 
role of H3K79 methylation during mitosis has not been investi- 
gated in mammals. Specific localization at centromeric and/or 
pericentromeric regions indicates that H3K79 methylation might 
function at this heterochromatic region. 

Several reports showing that DOT1L deficiency induces 
aneuploidy in mouse stem cells and human cancer cells raise 
the possibility that DOT1L is required for proper cell divi- 
sion. 48,75,76,86 One study showed that DOTlL-deficient mouse ES 
cells undergo mitotic arrest, not cell death, with increased levels 
of histone H3 phospho-SlO, and show polyploidy. 86 This poly- 
ploidy results from the aberrant formation of mitotic spindles. 
However, another study showed that DOTlL-deficient mouse 
ES cells display polyploidy and undergo apoptosis. 48 Although 
the effect of DOT1L deficiency on cell death varies depend- 
ing on the study, DOT1L appears to be essential for proper 
mitotic progression. In human cancer cells including HCT116, 
A549, and NCI-H1299, DOT1L deficiency induces aneuploidy, 
including hypo- and hyper-ploidy. 75,76 To explain the induction 
of aneuploidy by DOT1L siRNA transfection, Fu et al. sug- 
gest re-replication whereas Kim et al. demonstrate a failure of 
mitotic spindle formation. 75,76 In addition, the type of aneuploidy 
observed in DOTlL-deficient A549 and NCI-H1299 cells is 
multinucleation, in which a cell contains multiple nuclei, owing 
to unsuccessful cytokinesis. 75 This finding suggests that DOT1L 
affects the reorganization of the cytoskeletal structure. In any 
case, the findings indicate that H3K79 methylation in mammals 
is required for 2N chromosomes to be passed to the daughter 
cells. Meanwhile, although DOT1L deficiency does not induce 
more than 4N DNA content in chicken DT40 cells, it results in a 
slightly increased level of cell death and a slow proliferation rate, 
suggesting that DOT1L is critical for cell survival. 87 Transfection 
of mouse fibrosarcoma cells with shRNA against the H2B K123 
monoubiquitin ligase Brel, which reduces H3K79 methylation, 
also results in apoptosis and genomic instability, such as double- 
strand breaks (DSBs) and anaphase bridges. 88 

Overall, although the role of H3K79 methylation in mitotic 
progression has not been fully addressed in several organisms, 
it appears important in maintaining chromosomal stability and 
proper cell division. 



Role of H3K79 Methylation in Meiosis 

In S. cerevisiae, diploid cells undergo meiosis, producing 4 hap- 
loid nuclei to form spores in response to nitrogen starvation and 
glucose absence. The global levels of H3K79mel, H3K79me2, 
and H3K79me3 in meiotic cells are similar to levels found in 
vegetative cells. 8 ' Dotl mutants show similar spore viability and 
crossover compared with wild-type strains, indicating that Dotl 
is not required for sporulation. 80 ' 90 However, Dotl is essential 
for the meiotic pachytene checkpoint, 80,89 a surveillance mecha- 
nism that ensures proper chromosome separation during meiosis 
progression, including meiotic recombination and chromosome 
synapsis, by blocking the completion of meiotic division in the 
presence of unrepaired or unsynapsed recombination intermedi- 
ates. 51 In zipl mutants, in which chromosomes are homologously 
paired but fail to synapse, the absence of Dotl alleviates meiotic 
arrest but induces chromosome missegregation and aneuploidy, 
resulting in low spore viability. 80 In dmcl mutants arrested in 
meiosis with unrepaired DSBs, the absence of Dotl repairs DSBs 
and triggers sporulation but results in low spore viability. 80 In 
addition to Dotl mutants, H3K79 mutants are also defective in 
the meiotic checkpoint. 89 Dotl-mediated H3K79 methylation 
requires the localization and phosphorylation of the adaptor pro- 
tein Hopl and then Mekl kinase for full activation of the mei- 
otic checkpoint. 89 Hopl-mediated Mekl activation occurs at least 
in part through the localization of meiotic checkpoint protein 
pch2 at the unsynapsed nucleolar rDNA region from synapsed 
chromosomes. 89 

H3K79me2 and H3K79me3 are localized in the whole 
genome and at pericentromeric regions, respectively, during 
meiotic maturation in mouse oocytes. 57 The status of H3K79 
methylation has also been suggested to play a specific role in 
mouse spermatogenesis. 56 During meiotic progression in the 
male mouse, the levels of DOT1L, H3K79me2, and H3K79me3 
begin to increase in pachynema and persist throughout prophase 
I, while H3K79mel is present at a constant low level throughout 
prophase I. However, H3K79me2 and H3K79me3 show differ- 
ences in the subnuclear distribution in spermatocytes, as shown 
previously in oocytes. 57 Whereas H3K79me2 is distributed on 
the chromatin of all chromosomes except for sex chromosomes, 
H3K79me3 is enriched at heterochromatic centromeres and sex 
chromosomes. Following the replacement of histone H3.1 and 
H3.2 by the H3.3 variant in the XY body during pachynema, 
the level of H3K79me3 begins to increase at histone H3.3 dur- 
ing diplonema, possibly to maintain silencing of the XY chro- 
mosome. Meanwhile, the widespread distribution of H3K79me2 
during pachynema might be a cause or consequence of transcrip- 
tional reactivation in autosomes. Taken together, these results 
suggest that DOTlL-mediated H3K79 methylation is involved 
in meiotic events in mouse oocyte and spermatocytes. 

Cell Cycle Checkpoint Following DNA Damage 

The Dotl-deletion mutant, the H3K79 mutant, and the 
H2B-K123 mutant, in which H3K79 methylation is lost, 
show radiation sensitivity in budding yeast. 92 " 95 The yeast Dotl 
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deletion mutant decreases and/or retards the phosphorylation of 
the 53BP1 ortholog Rad9 and the Chk2 homolog Rad53 kinase 
to activate the G t - and intra-S checkpoint following DNA dam- 
age induced by ultraviolet (UV), X-ray, and ionizing radiation 
(IR). 94 ' 96 ' 97 Dotl is required to recruit Rad9 to DSBs, although 
whether the Tudor domain of Rad9 directly interacts with meth- 
ylated H3K79 remains a matter of debate. 96,98 " 100 Furthermore, 
loss of Rad9 binding to histone H3 increases DSB resection, 
which occurs during homologous recombination, thereby gen- 
erating single-stranded DNA (ssDNA). 101 The accumulation of 
replication protein A (RPA) -coated ssDNA leads to the activa- 
tion of Mecl kinase, an ortholog of mammalian ATR. In fact, 
loss of Dotl hyperactivates the Mecl-Ddc2 kinase complex after 
DSB formation, indicating that Dotl is important for the precise 
regulation of Mecl activity. Dotl also promotes efficient sister 
chromatid recombination during repair of DSBs through loading 
of cohesin to the damaged sites. 102 Overall, budding yeast Dotl 
plays a critical role in the repair of DSBs. 

Budding yeast Dotl repairs UV-induced DNA lesions 
through nucleotide excision repair, recombination repair, or 
post-replication repair. 93 103 In addition, mouse DOT1L par- 
ticipates in survival following UV irradiation. However, mouse 
DOT1L is not involved in nucleotide excision repair, which 
removes UV-induced DNA photoproducts; rather, it promotes 
binding of RNA polymerase II to the promoters of U V-repressed 
genes to reactivate transcription initiation following UV irradia- 
tion. 104 In contrast to the survival effect of Dotl/DOTlL fol- 
lowing UV irradiation, budding yeast Dotl has the opposite 
effect after exposure to alkylating agents. Dotl inhibits transle- 
sion synthesis, which allows error-prone polymerases to bypass 
DNA lesions and enhances survival following DNA damage. 105 
Therefore, the Dotl mutant is more resistant than wild-type 
cells to the alkylating agent methyl methanesulfonate (MMS), 
but promotes MMS-induced mutagenesis. 105 " 107 This effect of the 
Dotl mutant requires the full activation of Rad53 and controls 
the binding of the error-prone polymerase Pol^/Revl to chro- 
matin. 107 Consequently, a Dotl mutation increases the muta- 
genesis frequency. Taken together, these observations show that 
Dotl/DOTlL is required to maintain genomic stability without 
mutagenesis. 

Beyond yeast data, DOTlL-siRNA-transfected U20S 
human osteosarcoma cells show the prolonged presence of 
7H2AX, a marker of DNA strand breaks, following IR. 36 
DOTlL-knockout mouse embryonic fibroblasts and DOT1L 
siRNA-treated HEK293 cells also show low viability after IR. 47 
Thus, mammalian DOT1L is required for the repair of DSBs; 
however, the requirement of DOT1L for the recruitment of 
53BP1, the mammalian ortholog of budding yeast Rad9, has 
been debated. Studies from Huyen et al. and Wakeman et al. 
showed that human 53BP1 recruitment is dependent on H3K79 
methylation. 36,108 Deletion of human DOT1L abolishes 53BP1 
formation following IR, likely because it results in the loss of 
the interaction between the UIM of DOT1L and the ubiquitin- 
like motif (UBL) of HLA-B-associated transcript 3 (Bat3). 36 By 
contrast, Botuyan et al. demonstrated that H4K20 methylation, 
not H3K79 methylation, is indispensable for the recruitment of 



mouse and human 53BP1. 109 Even in S. pombe in which meth- 
ylated H3K79 is absent, the localization of Crb2, an ortholog 
of Rad9, to the damaged site, is dependent on H4K20 methyla- 
tion, not on H3K79 methylation. 110 However, DOT1L"'" DT40 
chicken cells do not show any defect in 53BP1 foci formation or 
sensitivity to IR. 87 Overall, the different systems have yielded dif- 
ferent results regarding the requirement of H3K79 methylation 
for 53BP1 recruitment to the damaged site. The mechanism by 
which mammalian DOTlL-mediated H3K79 methylation regu- 
lates repair and survival following DSBs requires further investi- 
gation. In summary, it suggests that Dotl/DOTlL is required to 
maintain genomic stability following genotoxic stress. 

Regulation of Differentiation and Reprogramming 
by DOTIL-Mediated H3K79 Methylation 

In addition to proliferation, DOT1L also participates in the 
regulation of differentiation. First, DOT1B, which is responsible 
for H3K76 trimethylation in T. brucei, is essential for differ- 
entiation. 11 Second, DOTlL-deficient mouse ES cells undergo 
slow proliferation, G 2 /M arrest, and hyperploidy following dif- 
ferentiation induced by retinoic acid, suggesting that DOT1L is 
required for the initial stages of differentiation. 86 Third, DOT1L 
plays a critical role in differentiation during mouse hematopoi- 
esis. 78,79,111 '" 2 Loss of DOT1L impairs erythroid differentiation 
in the yolk sac of the germline DOTlL-knockout mouse. 78 This 
impairment results from the aberrant expression of target genes, 
i.e., downregulated GATA2 and upregulated PU.l/Sfpil, and 
blocks erythroid formation in early embryonic hematopoiesis. 78 In 
addition, DOT1L plays an important role in normal adult hema- 
topoiesis. Mice with conditional knockout of DOT1L develop 
postnatal anemia and pancytopenia. 79 " 2 DOTlL-deficient bone 
marrow also fails to maintain a terminally differentiated myeloid 
and lymphoid population, hematopoietic stem cells, and progeni- 
tor cells. 79 ' 111 ' 112 

DOT1L might contribute to gene reprogramming during 
development. DOT1L and H3K79me3 disappear in oocytes 
immediately after fertilization until the 2-cell stage; however, 
their levels increase at the blastocyst stage. 24,57 During this pro- 
cess, H3K79 methylation is thought to be a critical epigenetic 
mark that regulates gene expression during genome remodel- 
ing after fertilization. In addition to the role of DOT1L in fer- 
tilization, DOTlL-mediated H3K79 methylation plays a role 
in the reprogramming of adult somatic cells to obtain induced 
pluripotent stem cells (iPSCs). Suppression of DOT1L through 
shRNA or the small-molecule inhibitor EPZ004777 enhances the 
reprogramming efficiency of human fibroblasts, mouse embry- 
onic fibroblasts, and mouse peripheral blood cells. 113 DOT1L 
suppression can reprogram human fibroblasts into iPSCs only in 
the presence of OCT4 and SOX2, indicating that the absence 
of DOT1L replaces the requirement for KLF4 and c-Myc. 
This reprogramming requires increased levels of NANOG and 
LIN28. During reprogramming induced by DOT1L inhibition, 
mesenchymal genes such as SNAI1, SNAI2, ZEB1, ZEB2, and 
TGFB2 are suppressed, while epithelial genes such as CDH1 and 
OCLN are upregulated. Indeed, ChIP sequencing (chromatin 
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immunoprecipitation followed by DNA sequencing) analysis 
revealed that H3K79me2 is lost in genes that need to be silenced 
for reprogramming. Overall, the above findings suggest that 
DOTlL-dependent H3K79 methylation acts as a barrier to 
reprogramming. In contrast to the phenomenon shown in iPSCs, 
DOT1L and H3K79me3 is enriched in pluripotency-related genes 
such as Nanog and Oct4 in human embryonic carcinoma NCCIT 
cells. 41 Transfection of NCCIT cells with DOT1L siRNA reduces 
the level of H3K79me3 in the gene body of Nanog and Oct4 and 
decreases their expression. Moreover, H3K79me2 is enriched 
in Oct4 and Sox2 in mouse ES cells, although their expression 
is not affected by DOT1L deficiency. 86 Therefore, DOT1L- 
mediated H3K79 methylation plays a role in gene reprogram- 
ming. However, the mechanism needs to be investigated further. 

Control of DOTIL-Dependent Diseases through the 
Regulation of DOT1L Activity 

As described above, DOT1L deficiency prohibits normal 
cell cycle progression and finally induces abnormal prolifera- 
tion; however, the consequences of this abnormal proliferation, 
which include G t arrest, mitotic arrest, senescence, aneuploidy, 
and apoptosis, depend on the context and the species. In human 
cancer cells, inactivation or depletion of DOT1L prevents pro- 
liferation. DOTlL-deficient human lung cancer cells undergo 
senescence, which may be a way to eradicate aggressively prolifer- 
ating cancer cells. 75 DOT1L deficiency also results in the death of 
Lsl74T colorectal carcinoma cells, but not of HEK293T cells. 114 
MLL-fusion protein-induced transformed cells, which exhibit 
local hypermethylation of H3K79, undergo G t arrest or apopto- 
sis in the absence of DOT1L. 77,79,115 Specific DOT1L inhibitors, 
such as EPZ5676, EPZ004777, and SGC0946, induce apoptosis 
in leukemia cells induced by MLL-fusion proteins. 116 " 120 By con- 
trast, one of leukemogenic fusion protein, CALM-AF10, leads to 
the dissociation of DOT1L from chromatin and a global reduc- 
tion in H3K79me2. 47 This global hypomethylation contributes 
to the accumulation of genomic instability. Overall, DOT1L 
is a potential cancer therapeutic target because the absence of 
DOT1L activity prohibits the proliferation of cancer cells. 

However, targeting DOT1L may be toxic to normal cells, 
because several DOTlL-knockout phenotypes suggest its criti- 
cal role in the diverse biological functions, including develop- 
ment, differentiation, and organ function. First, DOT1L is 
required for embryonic development, as germline DOT1L 
knockout causes embryonic lethality at day 10.5, possibly due to 
reduced angiogenesis in the yolk sac, embryonic anemia, and an 
enlarged heart. 48,10 ' Second, cardiac-specific DOT1L knockout 
in mice triggers dilated cardiomyopathy and postnatal lethal- 
ity. 121 DOT1L depletion in the heart enhances cell proliferation, 
indicating that DOT1L inhibits cardiac cell proliferation. The 
downregulation of dystrophin, a key transcriptional target of 
DOT1L in the regulation of heart function, would be a cause 
of cardiomyopathy in cardiac-specific DOTlL-knockout mice. 
Third, conditional DOTlL-knockout mice show a reduced 
level of H3K79me2 at the 5'-regulatory region of endothelin-1 in 
kidney tissues. 25 DOTlL-knockout mice also display polyuria, 



possibly because of the upregulation of Aqp5, a potential target 
of DOT1L. 122 These data suggest that therapeutic drugs inhib- 
iting DOT1L activity could contribute to the development of 
kidney injury. Fourth, DOT1L is required for normal hemato- 
poiesis as described earlier. Overall, DOTlL-mediated H3K79 
methylation plays a critical role in development, hematopoiesis, 
and maintenance of organ function, suggesting that therapeu- 
tic DOT1L inhibition must be carefully considered. However, 
according to Daigel et al., treatment with the DOT1L inhibitor 
EPZ004777 kills MLL-rearranged leukemic cells, but not non- 
MLL-rearranged leukemic cells or hematopoietic stem cells." 8 
This discrepancy may provide an effective therapeutic window 
in MLL-fusion leukemia that needs to be assessed in other solid 
tumors to control cell proliferation. 

Discussion 

Dotl/DOTlL-mediated H3K79 methylation plays a role in 
transcription, reprogramming, development, differentiation, 
and proliferation. Among these cellular processes, proliferation 
is tightly regulated by cell cycle progression. As mentioned in 
this review, the fluctuating pattern of H3K79mel, H3K79me2, 
and H3K79me3 suggests that they play roles in cell cycle regula- 
tion. However, the changes in H3K79 methylation during the 
cell cycle are not evolutionarily conserved. In addition, H3K79 
methylation-dependent functions in cell cycle regulation are not 
conserved. In other words, the role of Dotl/DOTlL-mediated 
H3K79 methylation in cell proliferation is dependent on the spe- 
cies or nature of the tissues under investigation. The depletion 
of Dotl/DOTlL results in reduced cell proliferation in budding 
yeast, trypanosomes, mouse embryonic stem cells, and human 
cancer cells. DOT1A deletion results in haploidy in trypano- 
somes; the deletion of Dotl/DOTlL in budding yeast, human 
cancer cells, and mouse erythroid progenitors induces G t arrest, 
and DOTlL-depleted mouse ES cells undergo G,/M arrest fol- 
lowing differentiation. By contrast, the cardiac-specific deletion 
of DOT1L leads to increased proliferation of heart tissues. The 
specific function of Dotl/DOTlL in cell proliferation requires 
further elucidation. 

Dotl/DOTlL is responsible for the mono-, di-, and tri- 
methylation of H3K79. It is intriguing that the same methyl- 
transferase mediates these 3 types of methylation, despite the 
fact that these methylations have different functions. One pos- 
sible explanation for the different functions is that other histone 
modifications that might crosstalk with differentially methylated 
H3K79 (i.e., H3K79mel, H3K79me2, and H3K79me3) influ- 
ence the final functions of these methylations in certain contexts. 
Alternatively, the different effects of each type of H3K79 meth- 
ylation might be mediated by transcriptional regulation of spe- 
cific target genes. Indeed, DOT1L regulates the transcription of 
diverse genes that are involved in differentiation and reprogram- 
ming. However, the exact mechanism by which Dotl/DOTlL 
controls the expression of cell cycle-associated genes has not been 
elucidated. Methylated H3K79-dependent target genes that con- 
trol cell proliferation must be identified to understand how Dotl/ 
DOT1L regulates cell cycle progression. Meanwhile, the global 
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and local levels of H3K79 methylation are differentially regulated. 
Even if the global levels of H3K79 methylation do not fluctuate 
during the cell cycle, its local level in a specific chromatin region 
could change. Therefore, the local level of H3K79 methylation 
should be determined during each cell cycle phase, depending 
on the euchromatic/heterochromatic regions and on cell cycle- 
regulatory genes. Taken together, H3K79mel, H3K79me2, and 
H3K79me3 might act as differential markers for Dotl/DOTIL- 
mediated cellular functions, including cell cycle regulation. In 
addition, the discrepancy in global and/or local levels of each 
H3K79 methylation during the cell cycle might reflect differ- 
ences in Dotl/DOTlL functions between organisms. 

DOT1L controls the development of diseases including leu- 
kemia, cardiac dysfunction, and kidney injury, as well as nor- 
mal cellular processes. Therefore, regulation of DOT1L activity 
may be a useful therapeutic approach for multiple diseases. For 
instance, DOT1L inhibition may be beneficial in MLL-fusion- 
induced leukemia. In addition, because DOTlL-mediated 



H3K79 methylation is a critical regulator of cell cycle progres- 
sion, modulation of DOT1L activity can halt the proliferation 
of aggressive cancer cells in addition to leukemia cells. Specific 
inhibitors of DOT1L should be tested in other tumors. In addi- 
tion, although DOT1L is thought to mediate methylation only 
at histones, one non-histone substrate for DOT1L has recently 
been identified. The discovery of other non-histone substrates for 
DOT1L will enable the elucidation of the mechanisms by which 
DOT1L is involved in diverse cellular functions including cell 
cycle regulation. 
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